Refuge, results showed the passive management implemented at the State Park is insufficient for stand reestablishment and that active management is necessary to promote adequate regeneration. Because appropriate management activities vary depending on the nature of the disturbance and the individual site conditions, I discuss the factors that have led to the decline of Atlantic White-cedar and also specific challenges that must be overcome for seedling regeneration after disturbance. By using this information, land managers can potentially take more effective measures for promoting cedar regeneration after windthrow events.
White each spent long days of machete-ing through the heat to help collect data in the thick, very thorny (and sometimes a little treacherous) swamp vegetation and ticks. I do not think my thanks could be understated. Jess Fairgrieve also provided exceptional help in the greenhouse.
The Dismal Swamp State Park staff, especially Signa Williams, and the Great Dismal Swamp National Wildlife Refuge staff, particularly Bryan Poovey, provided assistance and helpful information throughout the study. program that included debris removal and herbicide application, the State Park took a hands-off management approach in which no active management was implemented. In this study I investigated the effectiveness of a hands-off management approach for promoting post-storm Atlantic white-cedar regeneration using the Dismal Swamp State Park as a case study. Information from this case study can assist land managers following catastrophic disturbances when management goals include the promotion of successful Atlantic white-cedar regeneration.
Atlantic white-cedar Ecology
Atlantic white-cedar wetlands fulfill a unique niche in coastal forest systems and therefore remain a valuable ecosystem for restoration and conservation. With a strong tolerance of harsh environmental conditions and a relatively poor competitive ability in more favorable sites, Atlantic white-cedar is typically restricted to extreme environments, favoring deep Histosols, low soil pH, and high water tables {{59 Laderman, A.D. 1989}} . In Virginia and North Carolina Atlantic whitecedar wetlands, common companion tree species include Acer rubrum (red maple), Gordonia lasianthus (loblolly bay), Magnolia virginiana (sweet bay), and Nyssa biflora (swamp tupelo) (Laderman 1989) . The distinctive environmental and biological setting makes Atlantic white-cedar wetlands a haven for many rare and endangered plant species, including Kalmia cuneata (white wicky), Eriocaulon compressum , and Rhynchospora alba (northern white beaksedge) (Laderman 1989) . As with all palustrine wetlands, Atlantic white-cedar forests play a role in filtering pollutants from nearby waterways and can therefore contribute to the maintenance of water quality (Whigham et. al. 1988 ).
Atlantic white-cedar forests frequently develop as dense even-aged stands sustained by irregular major disturbances that destroy mature trees and provide open conditions for germination and seedling growth (Laderman 2003) . Prior to European settlement, the mosaic of fire frequencies along the Atlantic coast maintained this disturbance regime, allowing the species to proliferate. The presettlement fire regime for Atlantic white-cedar communities was likely 25-100 years, with some intervals as high as 250-300 years in the Carolinas (Frost 1987) . However, when fire intervals are shorter than 10-25 years, the cedar seedbank cannot properly reestablish between disturbance events and vegetation may shift to another plant community, such as pond pine-pocosin. The sporadic fire events on which Atlantic white-cedar depends result in optimal open-sunlight germination conditions as long as the fire does not burn deeply enough to destroy the seedbank (Laderman 2003) . Therefore, because fire activity usually clears debris and shrubby vegetation, fire has historically been more important in sustaining the life cycle of cedar than wind disturbances (Frost 1987; Laderman 2003) .
Decline of the Species and Restoration Challenges
At the time of European settlement, Atlantic white-cedar forests encompassed as much as 200,000
hectares of coastal land from Maine to Florida (Kuser 1995) , including some 120,000 hectares in eastern North Carolina. However, development and timber harvests have reduced the extent in eastern North Carolina to less than 800 hectares (0.7% of its original statewide range). This decline was first instigated by widespread hydrologic drainage implemented for both agriculture and timber harvest, resulting in regeneration failure or sparser secondary cedar stands with more open canopies (Frost 1987) . Unfortunately, cedar stands that have been disturbed are more susceptible to future windthrow events (Mylecraine and Zimmermann 2000) . Additional problems such as increased deer browsing, hardwood competition, and changes in soil properties (resulting from hyrdrologic change), have further hindered seedling regeneration after disturbances. Because of the challenges resulting from human disturbance that now hinder Atlantic white-cedar regeneration, cedar may require deliberate post-disturbance management to address these challenges, counteract human disturbances, and thereby conserve remaining stands. 
Purpose of Study

METHODS
Site Description
The 
Approach to the Study
Because regeneration data were already available from cedar stands at the National Wildlife Refuge (Belcher et. al. 2009 
DISMAL SWAMP STATE PARK
Arrangement of Study Sites
Five cedar stands in the State Park were located using a vegetation inventory showing the major forest types in the park (LeGrand 1994) . Since 1994, these stands have succumbed to a number of windthrow events, with the most severe and recent damage occurring during Hurricane Isabel in September 2003. Because of the varying levels of damage and time elapsed since disturbance, the study sites were divided into the following three categories (shown in Figure 1 Although the exact timing of the windthrow damage in the Mixed Blowdown stands could not be determined, the 1994 vegetation inventory shows that these stands included enough standing cedar to be classified as Atlantic white-cedar forest at that time (LeGrand et. al. 1994) . The downed woody debris in these stands is more highly decomposed than the debris present in the Hurricane 
Study Design
With dense vegetation and a significant amount of downed woody debris (DWD) present at the time of the study, study transects were established only through areas that were accessible. Even five years after the storm, the debris was widespread, largely intact, and often piled 5 m or higher, making the site very dangerous to access. Therefore, transects could not be laid out in straights, but had to meander safely through the debris piles. I took care to avoid trampling seedlings when traversing the transects. Transect lengths and sampling areas are shown in Table 1 (transect width was variable and was estimated at 1.2 m). The layout of data collection along the study transects is shown in Figure 3 . 
Seedling Inventory
All cedar less than 2 m in height found within the width of the access trails and within 1 m from either edge of the trails were tallied. For each seedling I recorded seedling height and the substrate in which the seedling was rooted (soil, stump, or log). For seedlings rooted outside the trails I centered a vegetation plot around each seedling and recorded both species data and total canopy cover (described in the following section).
Figure 3. Spatial Layout of sampling procedure. Seedlings were tallied inside the transect and within 1 m from either edge of the transect. Vegetation was sampled using 1m 2 vegetation plots nested within 4m 2 vegetation plots spaced 15 m apart. These plots were also centered around each recorded seedling located outside the transect. Seedbank samples were taken every 15 m along the study transects and were located across from corresponding vegetation plots.
Vegetation Description
To determine the current species composition of the stands, I established vegetation plots throughout the study area. In the 4 m 2 plots spaced every 15 m (50 ft) along the study transects, I
inventoried all vascular plants and identified them to species using the nomenclature of Weakley (2006) . Additionally, I established plots around all cedar seedlings found within 1 m of the edge of the access trails. In each plot, cover was determined for each species, within increments of 10%.
Species covering less than 5% were classified as "Trace."
I estimated total canopy cover as an indirect measure of light availability for seedling growth. This was also was recorded in 10% increments and was measured using a densitometer (Lemmon 1956 ).
Using the species cover estimations, I converted these values to relative species cover percentages by dividing the cover of each species across all plots in each stand type by the total cover of all species in each stand type. Additionally, I calculated percent frequency, or the number of plots in which a species occurred relative to the total number of plots, for each species. could not be tightly controlled, I used these temperatures as a guide when choosing the appropriate greenhouse environment. Temperatures in the greenhouse were kept at approximately 26⁰C during the day and 18⁰C at night, with minimum and maximum temperatures of 14⁰C and 32⁰C during the study period (Jull et. al. 1999) . No artificial lighting was used to alter day length. Research has shown that soil depth impacts germination percentages in seedbank studies (Dalling et. al. 1994) and that seed is less likely to germinate when buried deep in the soil. Because it was not possible to reduce soil depth, I mixed the samples thoroughly twice during the germination period to increase the probability that all seed would be close enough to the surface for germination at some point. I
recorded the time of germination of every emerging seedling. For seedlings other than Atlantic white-cedar (which are readily recognizable), I recorded species if the seedling grew to an identifiable size.
GREAT DISMAL SWAMP NATIONAL WILDLIFE REFUGE
Regeneration at the Wildlife Refuge was monitored in three former cedar stands, Unit A, Unit 1, and a separate 28-ha Unit known as the Blackwater Cut. Seedling sampling for Management Units A 
RESULTS
Seedling Regeneration
In all three sites at the Wildlife Refuge, seedling densities are more than an order of magnitude greater than seedling densities found at the State Park (Table 2) . At the State Park, density in the Standing Cedar stands was more than six times higher than in the Mixed Blowdown stands and more than four times higher than in the Hurricane Isabel stands. Apparently the seeds provided by remaining adult trees were more important for regeneration than seed that were deposited prior to Table 3 . At the State Park, red maple was present in over 70% of all plots, and Persea palustris (swamp bay), Lyonia lucida (shining fetterbush), and coastal white-alder dominated the understory. These four species accounted for 53-58% of the relative cover (Table 5 ). Muscadine and Gelsemium sempervirens (Carolina jessamine) were also prominent in the Mixed Blowdown stands, and the Standing Cedar stands included Atlantic white-cedar in the canopy. 
DISCUSSION
Regeneration success and prospects
Atlantic white-cedar seedling density at the Dismal Swamp State Park is low compared to the National Wildlife Refuge, and that many seedlings are growing in adverse environmental conditions.
Many cedar seedlings in the Park were growing under thick competing vegetation or on debris that was suspended in the air. Higher mortality may be expected than in stands where seedlings are
growing in more open, favorable conditions. If unable to compete with other species, the cedar seedlings in the State Park may be die shortly after germination or may be stunted from a lack of resources. This is evident from the low density of cedar seedlings in the tallest size class (>60 cm) five years after the storm. With high relative cover of competing species such as red maple and
Coastal white-alder, and an average of only 182 cedar seedlings/ha in the State Park stands, cedar is not expected to become a major component of the canopy in the absence of active management.
Seedling densities at the Wildlife Refuge were markedly higher than at the State Park. Although only 2% of the seedlings at the Wildlife Refuge were greater than 60 cm in height, the abundance of seedlings in the smaller size classes indicates a flush of germination took place after debris removal (one year prior to the surveys). Surveyors of the Blackwater Cut also reported a low percentage of seedlings greater than 30cm at the time of their study (Belcher et. al. 2009) (Table 6 ). Together, this study and ours demonstrate that active management is necessary for ensuring recovery of Atlantic white-cedar forests after disturbances that result in widespread distribution of woody debris. The presence of viable Atlantic white-cedar seed in the seedbank at the State Park indicates that active management could potentially still be implemented to achieve regeneration five years poststorm. This assumes that there is sufficient viable seed to achieve desirable seedling densities, especially in the Mixed Blowdown stands. Korstian and Brush (1931) also examined the seedbank after logging, and found that densities of viable Atlantic white-cedar seed were 6,347,900/ha in the upper 2.5 cm of soil and 3,877,900 seed/ha in the second 2.5 cm of soil. If these densities are typical for Atlantic white-cedar forest seedbanks, then the seed densities I found at the State Park may not be adequate ensure a new stand in which cedar is a major component.
Future stand composition
Given the current seedling and seed densities at the State Park and the prevalence of other woody species, the stands impacted primarily by Hurricane Isabel is likely to become dominated by red maple with an understory of red bay, sweet pepperbush, and fetterbush over the next two decades.
Because of the longer time elapsed since disturbance events, the Mixed Blowdown stands can provide insight into the probable composition and structure of the Hurricane Isabel stand over the next two decades. These stands have a more closed canopy than the Hurricane Isabel stand and are dominated primarily by red maple, with swamp tupelo also found occasionally in the overstory.
Although the shrub layer is also thick and dominated by swamp bay, coastal white-alder, shining fetterbush, and muscadine, the combined relative cover of these species is only 38%, compared to similarly by hydrologic change. These organic soils can ignite when dry, and result in catastrophic fires that destroy the stands and burn away as much as a meter or more of soil. As the water table has been lowered in Dismal Swamp and soil subsidence has occurred, the cedar stands are more susceptible to catastrophic fire due to the higher combustibility of the soils (Akerman 1923 , Frost 1987 . Some areas of the Dismal Swamp now have ignition probabilities that are up to 100 times higher than during presettlement times (Frost, personal communication) . The shorter fire return intervals favor the establishment of woody species other than Atlantic white-cedar.
Raising the water table by managing drainage ditches can increase the competitive advantage of Atlantic white-cedar over other vegetation. Care must be taken to not make the site too wet if there has been substantial soil subsidence. The pre-distrubance hydrology is usually not obtainable because access roads must be maintained, which requires that the water table at the road be kept lower than typically required for a cedar forest. To reduce competition further during stand establishment, many land managers use herbicides. In a recent study comparing untreated plots with plots treated with herbicide at Lynn Ditch in the Dismal Swamp, the number of regenerating Atlantic white-cedar was 400% greater in plots treated with herbicide. Total shrub cover was also reduced accordingly, with 87% less shrub cover in herbicide plots (p=0.07) (Ware 2001).
Although herbicide application can increase regeneration success, the timing of herbicide application is also an important management consideration. At the Great Dismal Swamp National
Wildlife Refuge managers have observed that when herbicide is applied too soon after a disturbance event, deer browse is more intense and the younger seedlings are more subject to mortality when browsed. As an alternative, herbicide may be applied two or three years after a disturbance so that seedlings have an opportunity to grow and surrounding vegetation can protect them from browse during their most vulnerable stages (Bryan Poovey, personal communication). Deer browse has become an increasingly important issue when managing for cedar re-establishment. In an assessment of Virginia white-tailed deer populations, researchers estimated that population density was similar to that in other states throughout the southeast at approximately 8.1 deer/km 2 (900,000 deer) statewide (Knox 1997) . Although herds in most areas of Virginia did not exceed carrying capacity, the population was significantly higher than the pre-settlement estimation of 400,000 (3.6 deer/km 2 ) (Seton 1909) . Researchers have attempted to address the problem of dear browse by testing various protection devices for preventing deer browse. When protected by these structures, cedar trees grew up to 1.8 m in three years (Heinsley et. al. 2003) . However, since these devices are expensive, further creativity and research are needed in devising economical methods for preventing deer herbivory.
As illustrated in this study, Atlantic white-cedar stands may not effectively regenerate after severe storm events and are generally more susceptible to windthrow because of the lower stand densities that result from timber harvest and hydrologic change. Given the long disturbance interval required by Atlantic white-cedar and the intensive management necessary to remove post-storm debris, further research addressing strategies for windthrow protection could help prevent further species decline and also minimize costs associated with debris removal. However, when storm events do impact cedar stands, the results of the management practices implemented at the Great Dismal
Swamp National Wildlife Refuge demonstrate that their active management activities are effective for promoting higher regeneration densities. Whether implemented as a preventative measure or as a responsive activity, appropriate active management addressing the effects of windthrow can help counteract effects of human disturbances that have resulted in Atlantic white-cedar decline.
When used in conjunction with management actions that address problems such as deer herbivory and competing vegetation, land managers can increase the likelihood of Atlantic white-cedar stand maintenance and contribute to the overall protection and restoration of the species.
